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EFMAbstract The effect of Cystine on the corrosion behavior of low alloy steel ASTM A213 grade T22
in 0.5 M sulfamic acid solutions have been investigated by various electrochemical techniques. The
study was performed using electrochemical impedance spectroscopy (EIS) and the recent technique
electrochemical frequency modulation (EFM). The results of the investigation show that the inhi-
bition efﬁciency increased with increasing inhibitor concentration, but decreased with increasing the
solution temperature and stirring velocity. All the collected results from the two techniques are in
good agreements, which conﬁrm the ability of EFM technique for monitoring the corrosion inhibi-
tion under the studied conditions.
ª 2011 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Sulfamic acid (HSO3NH2) is widely used in various industrial
acid cleaning applications. However, little work has been re-
ported on the corrosion behavior of different metal materials
in sulfamic acid solutions. Sulfamic acid has many advantages
such as (Majnouni and Jaffer, 2003; McCoy, 1984; Morad,
2008):(a) It is a strong acid in aqueous solution with remarkable
effectiveness for dissolving iron oxides and variety of
water-formed scales.
(b) It is compatible with alloy steels and austenitic stainless
steels.
(c) It is a crystalline solid, highly stable, and odorless. It can
be easily stored and handled.
(d) It has negligible effect on the skin.
Low alloy steels are widely used for manufacturing differ-
ent sections of steam power plants (Mann, 1976; Ghanem
et al., 1996).
Because of the aggressiveness of acid solutions, corrosion
inhibitors are one of the most effective and economic corro-
sion control methods to protect metal corrosion in acidic
media (Malik et al., 2001; Abdel Rehim et al., 2008). The
uses of corrosion inhibitors in speciﬁc applications such as
Inhibitive action of Cystine on the corrosion of low alloy steel S389the acid cleaning of steam generators are shortly reviewed
(Gabriele, 2002).
Most of the investigations on corrosion inhibitors in acid
media have been made in static conditions. Only few studies
in the literature discuss the effect of solution movement
(hydrodynamic condition) on the inhibition efﬁciency
(Ashassi-Sorkhabi and Asghari, 2008; Jiang et al., 2005).
Increasing awareness of health and ecological risks has
drawn attention to use of non-toxic compounds (Pongsak
et al., 2010; Obot and Obi-Egbedi, 2010). The properties of
amino acids would justify their use as non-toxic corrosion
inhibitors for iron, steel and stainless steel (Amin et al.,
2010; Amin, 2010; Oguzie et al., 2007; Ashassi-Sorkhabi
et al., 2005; Lebrini et al., 2008; Morad et al., 2002).
The purpose of the present study is to investigate the effec-
tiveness of one amino acid, Cystine as a non-toxic corrosion
inhibitor for low alloy steel (LAS) in 0.5 M sulfamic acid solu-
tions and to evaluate the effect of inhibitor concentrations,
solution temperature and solution stirring on the corrosion
inhibition efﬁciency.
2. Experimental
The experiments were performed on low alloy steel (ASTM
A213 grade T22) strips. Table 1 presents the chemical compo-
sition (wt.%) of the used alloy.
The electrochemical experiments were carried out using a
three-electrode glass cell assembly of 150 cm3 volume capacity.
The cell consists of a low alloy steel (LAS) electrode embedded
in epoxy resins with an exposed area of (1 cm2) as a working
electrode, a saturated calomel electrode as a reference elec-
trode, and a platinum foil (1 cm2) as a counter electrode. The
working electrodes were polished mechanically with ﬁne grade
emery papers, degreased with acetone in an ultrasonic bath,
washed with doubly distilled water and ﬁnally dried before use.
All solutions were freshly prepared from analytical grade
chemical reagents using doubly distilled water. The experi-
ments were conducted in stagnant aerated solutions at differ-
ent temperatures 25, 35, 45 and 55 C± 2. Some
experiments were carried out at different stirring velocities
(200, 400, 800 and 1200 RPM) using adjustable digital mag-
netic stirring hotplate DAIHAN, Model MSH 20.
The Electrochemical Frequency Modulation (EFM) tech-
nique is a new tool for monitoring the electrochemical corro-
sion. The theory of EFM technique is reported earlier
(Bosch et al., 2001). The Intermodulation spectra contain cur-
rent responses assigned for harmonical and intermodulation
current peaks. The higher peaks were used to directly deter-
mine the values of the corrosion current density (Icorr), corro-
sion rate, the Tafel constants (bc and ba) and the causality
factors (CF2 & CF3). Bosch et al. (2001), Abdel-Rehim et al.
(2006) and Amin et al. (2009) have investigated that the
EFM technique has many features such as:
(a) It is considered to be a non-destructive technique.Table 1 Chemical composition (wt.%) of LAS.
Alloy Si Mn Cr Fe Mo
ASTM A213 grade T22 0.37 0.68 2.41 95.62 0.92(b) It has an internal self-check in the form of the two ‘‘Cau-
sality Factors’’. These two factors should have the val-
ues 2.0 and 3.0 if all of the conditions of EFM theory
have been met.
(c) It is a fast test (requires only few minutes).
Impedance spectra were recorded at open circuit potentials
in the frequency range between 15 kHz and 300 mHz. While
the EFM measurements were performed with applying poten-
tial perturbation signal with amplitude of 10 mV with two sine
waves of 2 and 5 Hz.
All electrochemical experiments were carried out using
Gamry PCI300/4 Potentiostat/Galvanostat/Zra analyzer,
EIS300 Electrochemical Impedance Spectroscopy software,
EFM140 Electrochemical Frequency Modulation software
and Echem Analyst 5.21 for results plotting, graphing, data ﬁt-
ting and calculating.
3. Results and discussion
3.1. Effect of inhibitor concentration and temperature
The inhibition efﬁciency of Cystine (Cys) for low alloy steel
(LAS) in aerated 0.5 M sulfamic acid solution was determined
at different temperatures 25, 35, 45 and 55 C± 2 by using
two different electrochemical techniques as following:
3.1.1. Electrochemical frequency modulation studies
Fig. 1a and b are examples to demonstrate the EFM intermod-
ulation spectra of LAS in aerated stagnant 0.5 M sulfamic acidFigure 1 Intermodulation spectrum for LAS in 0.5 M sulfamic
at 55 C: (a) in absence and (b) in presence of 0.004 M Cys.
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results were collected for the other Cys concentrations at dif-
ferent temperatures.
The values of kinetic parameters such as Icorr, ba, bc, and
both Causality Factors (CF2 and CF3) for Cys are given in
Table 2. Inspections of these data infer the following:
(a) The addition of Cys to 0.5 M sulfamic acid solution
decreases the corrosion current density (Icorr) indicating
that Cys acts as corrosion inhibitor.
(b) With increasing the inhibitor concentration the corro-
sion current density (Icorr) decreases as a result of
increasing adsorption and surface coverage of Cys on
the steel surface.
(c) The corrosion current density (Icorr) in the absence and
presence of Cys increases with increasing the tempera-
ture indicating that the corrosion rate increases with
temperature in both inhibited and uninhibited solutions.
Moreover, it is seen that the values of (Icorr) are higher in
the uninhibited sulfamic acid solution than those
obtained in the inhibited solution indicating the inhibi-
tive effect of Cys at all tested temperatures.
The inhibition efﬁciency (IE%) of Cys was calculated using
the following equation:
IE% ¼ 1 Icorr
Iocorr
  
 100 ð1Þ
where Iocorr and Icorr are the corrosion current densities for
uninhibited and inhibited solutions, respectively.
The calculated values of the inhibition efﬁciency (IE%) at
different concentrations of Cys and at different temperatures
(25–55 C) are also included in Table 2. The values of IE%
show that the corrosion process depends on two factors, the
inhibitor concentration and the solution temperature.Table 2 Electrochemical kinetic parameters obtained from EF
concentrations of Cys at different temperatures.
Temp (C) Cys Conc (M) ba (mV dec1) bc (mV dec1)
25 0.00 58.28 181.74
0.0005 57.17 181.09
0.001 57.56 180.82
0.002 56.73 179.45
0.004 53.74 177.81
35 0.00 63.79 189.64
0.0005 61.78 186.39
0.001 58.22 187.17
0.002 56.87 189.00
0.004 59.68 187.31
45 0.00 72.24 196.87
0.0005 71.67 194.11
0.001 69.03 195.38
0.002 68.44 193.72
0.004 68.45 192.29
55 0.00 86.78 199.45
0.0005 85.55 197.00
0.001 86.14 198.23
0.002 85.68 196.58
0.004 83.32 195.83At a given temperature, the IE% increases with the increas-
ing Cys concentration as a result of increasing adsorption and
surface coverage on the electrode surface. However, at a given
Cys concentration, the IE% decreases with the increase of
solution temperature.
3.1.2. Electrochemical impedance studies
Typical Nyquist plots (representative example) obtained for
LAS electrode in aerated stagnant 0.5 M sulfamic acid solution
free and containing different concentrations of Cys at 45 C at
OCP are shown in Fig. 2. Similar impedance plots of LAS at
different temperatures were obtained (diagrams not given).
In all these cases the plots have the same shape where a single
depressed capacitive semicircle was obtained. This frequency
dispersion can be attributed to inhomogeneities and roughness
of the electrode surface (Paskossy, 1994; Growcock and Jasin-
ski, 1989).
The electrochemical response to the impedance tests for
Cys was best simulated with the equivalent circuits shown
in Fig. 3. According to Fig. 3, the polarization resistance
(Rp), which corresponds to the diameter of Nyquist plot, in-
cludes charge transfer resistance (Rct), diffuse layer resistance
(Rd), ﬁlm resistance (Rf) and all accumulated species at me-
tal/solution interface (Ra). Therefore, in the present study,
the difference in real impedance at lower and higher
frequencies is considered as the polarisation resistance
(Rp = Rct + Rd + Rf + Ra) (Lorenz and Mansfeld, 1986;
Solmaz et al., 2008; Sam et al., 2010).
Table 3 shows the impedance parameters, the double layer
capacitance, Cdl and the polarization resistance, Rp. Analysis
of the collected data listed in this table indicates the following:
(a) The polarization resistance (Rp) increases and the dou-
ble layer capacitance (Cdl) decreases as the inhibitor con-
centration is increased. The increase in charge transferM technique for LAS in 0.5 M sulfamic acid with various
CF2 CF3 Icorr (lA cm
2) IE% h
1.905 2.994 549.2 0.00 0.000
1.871 2.876 354.5 35.45 0.355
1.699 2.931 218.6 60.20 0.602
1.896 2.895 121.6 77.86 0.779
1.797 3.238 43.39 92.10 0.921
2.117 3.372 946.4 0.00 0.000
1.981 2.958 659.1 30.36 0.304
2.215 2.754 454.6 51.97 0.520
2.088 3.441 287.8 69.59 0.696
1.955 2.980 139.5 85.26 0.853
1.845 3.129 1376 0.00 0.000
2.168 3.447 1037 24.64 0.246
1.871 2.957 792.7 42.39 0.424
1.642 3.105 520.2 62.19 0.622
1.749 3.336 286.5 79.18 0.792
1.878 3.736 1646 0.00 0.000
1.944 3.282 1377 16.34 0.163
2.162 2.884 1076 34.63 0.346
2.228 2.957 760.7 53.78 0.538
2.017 3.238 468.9 71.51 0.715
Figure 2 Nyquist plots for LAS in 0.5 M sulfamic without and
with various concentrations of Cystine at 45 C.
Figure 3 Equivalent electrical circuit diagram for EIS results of
LAS in inhibited solutions, Rct, charge transfer resistance; Cdl,
double layer capacitance; Rs, solution resistance; Rd, diffuse layer
resistance; Cf, ﬁlm capacitance; Rf, ﬁlm resistance.
Table 3 Electrochemical kinetic parameters obtained from EIS techn
of Cys at different temperatures.
Temp (C) Cys Conc (M) Cdl (lF cm2)
25 0.00 826.7
0.0005 511.1
0.001 320.3
0.002 147.2
0.004 67.5
35 0.00 874.1
0.0005 626.9
0.001 428.7
0.002 221.5
0.004 121.6
45 0.00 967.8
0.0005 718.3
0.001 569.8
0.002 345.9
0.004 210.5
55 0.00 1113.7
0.0005 900.1
0.001 709.8
0.002 566.3
0.004 278.6
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tance due to increase in the surface coverage by the
inhibitor molecules.
(b) The values of (Rp) decrease and those of (Cdl) increase
with increasing temperature.
The above results can be explained on the basis that adsorp-
tion of the inhibitor species and formation of a physical pro-
tective ﬁlm that retard the charge transfer process and,
therefore, increase the value of (Rp) and so the corrosion reac-
tions were inhibited. Moreover, the adsorbed inhibitor species
decrease the electrical capacity of the electrical double layer at
the electrode/solution interface and, therefore, decrease the
values of (Cdl) (Mansﬁeld, 1987).
Since the electrochemical theory assumes that the reciprocal
of polarization resistance (1/Rp) is directly proportional to the
corrosion rate, the inhibition efﬁciency (IE%) was calculated
from (Rp) values using the following equation:
IE% ¼ 1 R
o
p
Rp
  
 100 ð2Þ
where Rop and Rp are the polarization resistance values in the
absence and presence of inhibitor, respectively.
The calculated values of the inhibition efﬁciency (IE%) for
different concentrations of Cys at different temperatures are
also included in Table 3. The values of IE% show that the cor-
rosion process depends on both factors, the inhibitor concen-
tration and the solution temperature. The IE% increases
with the increase of the inhibitor concentration, but it de-
creases with the increase of solution temperature.
3.1.3. Apparent activation energy
Further study of the effect of temperature on the inhibition
efﬁciency was carried out. Corrosion activation energies (Ea)ique for LAS in 0.5 M sulfamic acid with various concentrations
Rp (O cm
2) IE% h
33.63 0.00 0.000
53.48 37.12 0.371
91.91 63.41 0.634
178.1 81.12 0.811
427.4 92.13 0.921
23.01 0.00 0.000
32.83 29.91 0.299
49.85 53.84 0.538
85.69 73.15 0.731
182.2 87.37 0.874
17.44 0.00 0.000
23.12 24.57 0.246
30.90 43.56 0.436
46.77 62.71 0.627
92.45 81.14 0.811
13.00 0.00 0.000
15.82 17.83 0.178
20.51 36.62 0.366
26.42 50.79 0.508
50.22 74.11 0.741
Table 4 Activation energies of Cys using the obtained data
from EFM and EIS techniques.
Cys conc (M) Ea (kJ mol
1)
EFM EIS
0.00 30.16 25.50
0.0005 37.09 32.64
0.001 43.78 40.63
0.002 49.99 51.56
0.004 64.57 57.92
Figure 5 Intermodulation spectrum for LAS in 0.5 M sulfamic
in presence of 0.004 M Cys at 800 RPM.
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using the following Arrhenius equation:
logðCorr: RateÞ ¼ Ea
2:303RT
þ A ð3Þ
where Ea is the apparent activation energy, R is the universal
gas constant, T is the absolute temperature, and A is the
Arrhenius pre-exponential factor.
A plot of logarithm of the corrosion rate of LAS obtained
from the three techniques versus 1/T gives straight lines their
slopes are the Ea/2R. Fig. 4 is an example of Arrhenius
curves obtained from EIS technique.
In the literature, the lower activation energy value of corro-
sion process in the presence of inhibitor rather than the ab-
sence of inhibitor is attributed to its chemisorption, while it
is found to be opposite in the case with physical adsorption
(Mora-Mendoza and Turgoose, 2001; Jovancicevic et al.,
1999; Hirozawa, 1995).
The calculated values of Ea extracted from the two tech-
niques (EFM and EIS) were given in Table 4. The analysis
of Ea values shows that an increase in corrosion activation en-
ergy in the presence of inhibitor compared to its absence with a
decrease in inhibition efﬁciency with the rise in temperature
indicates that the type of adsorption of Cys on the steel surface
in 0.5 M sulfamic acid solutions belongs to physical
adsorption.
3.2. Effect of solution stirring on the inhibition efﬁciency
The corrosion inhibition of Cys for LAS in aerated stirring
0.5 M sulfamic acid solution at stirring speeds (RPM) 200,
400, 800 and 1200 and at 25 C were carried out using EFM
and EIS techniques. The EFM and EIS diagrams for LAS in
aerated stirring 0.5 M sulfamic acid in the absence and pres-
ence of 0.004 M Cys at different stirring velocities were col-
lected. Fig. 5 is an example that represents the EFM
intermodulation spectra of LAS in aerated stirring 0.5 M sul-
famic acid containing 0.004 M Cys at 800 RPM.
The obtained results from EFM and EIS techniques are
presented in Table 5. This table demonstrates the effect of stir-
ring speed on the inhibition efﬁciency of 0.06 M Cys.Figure 4 Arrhenius plots for LAS in 0.5 M sulfamic without and
with various concentrations of Cys associated with EIS
measurements.Inspections of the produced results of both techniques re-
veal the following:
(a) The results obtained from the EIS and EFM support
that the inhibiting effect of Cys is strongly dependent
on the solution movement (hydrodynamic conditions).
As the stirring velocity increases, the efﬁciency of the
inhibitor decreases.
(b) At 0.06 M of Cys concentration, the corrosion current
density (Icorr) increases while (Rp) decreases with
increasing the stirring speed as a result of removal of
adsorbed inhibitor species from the metal surface which
retards the effectiveness of the inhibitor and thus signif-
icantly enhances the corrosion rate (Lebrini et al., 2007;
Oguzie et al., 2004).
(c) The corrosion inhibition efﬁciency under stagnant con-
ditions is higher than that of the inhibition performance
under stirring conditions.
3.3. Adsorption Isotherms
Adsorption isotherm was studied in order to get more infor-
mation about the interaction between the adsorbed organic
inhibitor species and the metal surface and therefore, the
mechanism of corrosion inhibition (Hirozawa, 1995; Lebrini
et al., 2007).
Two main types of interactions can classify the adsorption
of organic compounds: physical adsorption (physisorption)
and chemical adsorption (chemisorption). They are inﬂuenced
Table 5 Effect of stirring speed (RPM) on the inhibition efﬁciency of Cys using the obtained data from EFM and EIS techniques.
Compound 200 RPM 400 RPM 800 RPM 1200 RPM
Icorr (lA cm
2) Rp (O cm
2) Icorr (lA cm
2) Rp (O cm
2) Icorr (lA cm
2) Rp (O cm
2) Icorr (lA cm
2) Rp (O cm
2)
Blank 631.5 29.66 1030 21.26 1523 15.50 2034 11.53
0.004 M Cys 74.82 220.7 180.2 110.9 402.4 55.75 751.5 33.29
IE% 88.15 86.56 82.50 80.83 73.57 72.19 63.05 65.36
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structure of the inhibitor and the type of electrolyte.
Surface coverage degree (h) is an important parameter for
determining the inhibitor adsorption characteristics. The sur-
face coverage degree (h), as a function of inhibitor concentra-
tion was calculated (h= IE%/100). Surface coverage values
for different concentrations of Cys in 0.5 M sulfamic acid solu-
tion at different temperatures are given in Tables 2 and 3 using
the obtained data from the two techniques.
The surface coverage (h) results were ﬁtted to different iso-
therm type models to represent the adsorption behavior of Cys
on the steel surface. The best-ﬁtted straight line was obtained
for the plot of the surface coverage (h) versus logarithm of
inhibitor concentration (Cinh). This suggests that the adsorp-
tion of Cys at the steel surface in sulfamic acid solutions has
been found to obey the Temkin adsorption isotherm (Oguzie
et al., 2004; Duong, 1980).
Fig. 6 is an example of Temkin adsorption isotherm for var-
ious concentrations of Cys at different temperatures using the
data obtained from EFM measurements.
The equilibrium constant (Kads) was calculated from the
intercepts and slopes of the straight lines of Temkin isotherm
curves.Figure 6 Temkin isotherm plots for LAS in 0.5 M sulfamic in
the presence of various concentrations of Cys at different
temperatures (data obtained from EFM technique).
Table 6 The calculated equilibrium constant and standard free ener
EIS techniques.
Technique 25 C 35 C
Kads DG0ads (kJ mol1) Kads DG0ads (kJ mo
EFM 8220.9 31.74 6739.5 32.33
EIS 9482.2 32.09 6421.7 32.20The equilibrium constant of adsorption (Kads) is related to
the standard free energy of adsorption, (DG0ads) via the fol-
lowing Eq. (4):
Kods ¼ 1
55:5
exp
DG0ads
RT
 
ð4Þ
where R is the universal gas constant and T is the absolute
temperature. The value of (55.5) is the concentration of water
in the solution in mol/l (Balaban et al., 2004; Larabi et al.,
2006).
The equilibrium constant (Kads) and the standard free en-
ergy of adsorption, (DG0ads) values obtained from the data
of the three techniques are listed in Table 6.
As shown in Table 6, the values of (Kads) decrease with
increasing the temperature, which conﬁrms the suggestion that
Cys is physically adsorbed on the surface of LAS (Keera and
Deyab, 2005; Abd El Rehim et al., 2002; El Azhar et al., 2002).
The values of the standard free energy of adsorption,
(DG0ads) acquire a negative sign emphasis the spontaneity of
the adsorption process and stability of the adsorbed layer on
the LAS surface which is accompanied with a high efﬁcient
adsorption of Cys (El-Etre, 2006).
It was reported earlier that the values of (DG0ads < 40
kJ mol1) as an indicator of physical adsorption (electrostatic
interactions between the inhibitor species and the chargedmetal
surface). While values of (DG0ads  40 kJ mol1) are related to
chemical adsorption (sharing or transfer of electrons from or-
ganic molecules to the metal surface to form a coordinate bond
(Ashaasi-Sorkhabi et al., 2004; Donahueand Nobe, 1965; Kha-
mis et al., 1991; Bouklah et al., 2005; Scendo, 2007; Bouklah
et al., 2006).
Therefore, the calculated values of (DG0ads) listed in
Table 6 indicates that the adsorption mechanism of Cys at
LAS surface in 0.5 M sulfamic acid solutions is typical of
physisorption.
3.4. Inhibition mechanism
The above results emphasise that the Cys acts as inhibitor for
LAS in 0.5 M sulfamic acid solutions. The corrosion inhibition
of Cys is due to their physical adsorption and formation of
protective ﬁlm on the steel surface.gy of adsorption for Cys using the obtained data from EFM and
45 C 55 C
l1) Kads DG0ads (kJ mol1) Kads DG0ads (kJ mol1)
5064.7 32.65 3696.5 32.85
4959.8 32.59 3858.4 32.96
S394 Sayed S. Abd El Rehim et al.The pervious investigation reports that the steel surface in
aqueous acid solutions is positively charged (Lagrene´e et al.,
2002; Solmaz et al., 2008; Wahdan et al., 2002). Moreover,
in aqueous acid solutions, the amino acids exist either as neu-
tral molecules or in the form of cations (Amin et al., 2009; Boc-
kris and Yang, 1991; Abdallah and Megahed, 1995).
Therefore, these amino acids may be adsorbed on the pos-
itively charged metal surface in the form of neutral molecules
involving the displacement of water molecules from the metal
surface and sharing electrons between the nitrogen atoms and
the metal surface (Bentiss et al., 1999).
Furthermore, adsorption can occur via the already ad-
sorbed sulfamate anions at the positively charged metal sur-
face. The adsorbed sulfamate anions at the metal surface
make a negatively charged double layer and consequently it re-
sults in an increase in the adsorption capability of the proton-
ated amino acids (Wahdan et al., 2002; Larabi et al., 2004).
4. Conclusion
The addition of small amounts of Cys to the 0.5 M sulfamic acid
solution inhibits the corrosion of low alloy alloy steel. Cys acts
as an effective inhibitor and the corrosion inhibition efﬁciency
of about 84% was recorded. The mechanism of the corrosion
inhibition process is based on the adsorption ofCys on the active
corrosion sites of the alloy surface. The Adsorption of Cys mol-
ecules onto the steel surface follows the Temkin’s adsorption
isotherm. The inhibition efﬁciency clearly depends on the inhib-
itor concentration, the solution temperature and the solution
stirring velocity. The inhibition efﬁciency increases with the in-
crease of inhibitor concentration but decreases with the increase
of solution temperature and solution stirring. The collected data
from the twomethods at different experimental conditions are in
good agreement and similar trend, which conﬁrm that the EFM
technique can be relied upon for monitoring the corrosion inhi-
bition under the studied conditions.
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